ABSTRACT
INTRODUCTION
The increasing awareness due to environmental hazards arising from plastic wastes, especially those originating from non-renewable natural resources, presents new opportunities for the development of non-fossil fuel based biodegradable polymers. In recent years, ecobenign microbial polyesters polyhydroxyalkanoates (PHAs) have attracted considerable attention because of its material properties analogous to thermoplastics and have also been identified as a promising substitute to conventional petrochemical derived thermoplastics. Poly(3-hyroxybutyrate) [P(3HB)], the best studied PHA is accumulated as carbon and energy storage inclusions in a wide range of microorganisms usually under nutrient limiting conditions but with excess supply of carbon [1] . The accumulated P(3HB) inclusions are known to promote survival of microbial communities under nutrient poor environments including soil, water as well as phytosphere, facilitate adaptation to the fluctuating environmental conditions and play multifarious role in physical and chemical stress mitigation [2] .
Phytosphere is a unique microenvironment that supports microbial growth and bacteria associated with the plants have been reported to produce a myriad of novel chemical compounds. Endophytic bacteria colonizing asymptomatically within the internal plant J. Microbiol. Biotech. Res., 2017, 7 (4):32-41 ___________________________________________________________________________ __ 33 tissues are also characterized by the possession of variety of plant growth promoting traits and produce natural metabolites of biotechnological importance [3] . In recent years, these endogenously associated bacteria have attracted the attention for the production of different biopolymers including PHAs [4, 5] . These intracellularly accumulated biopolyesters might contribute to the survival of these endospheric bacteria in a highly competitive and stressful microenvironment inside the plant. Bacterial endophytes, especially those harbouring the internal tissues of oil-yielding plants have recently been reported to accumulate intracellular P(3HB) granules when grown under in vitro conditions [6, 7] . However, survey of literature clearly revealed that endosphere associated microbes are so far narrowly focused for PHA production. Ricinus communis L. (family Euphorbiaceae), an indigenous oilseed plant of India has agrochemical and medicinal importance. It accumulates high amount of lipid inclusions in the internal tissues especially ricinoleic acids in seeds. So far, a range of biologically active compounds have been isolated especially from rhizosphere and endosphere associated fungi of R. communis L. [8, 9] . However, the bacterial endophytes harbouring the plant still remained a relatively untapped source of novel natural products including biodegradable and biocompatible PHAs.
Microbial production of P(3HB) has predominantly focussed on the Gram-negative bacteria especially Alcaligenes eutrophus [10] , Alcaligenes latus [11] and to a lesser extent on recombinant Escherichia coli [12] . Although, Gram-positive Bacillus spp. have long been found to produce P(3HB) [13, 14] , commercial production of the biopolyester by Bacillus spp. has met with limited success due to the interference of sporulation during intracellular polymer accumulation [15] . However, Valappil et al. [16] showed that acidic pH conditions completely suppressed sporulation in Bacillus cereus SPV and promoted P(3HB) production. Hence, an optimized medium might enhance and maintain P(3HB) content even at the instance of sporulation in Bacillus spp. Nevertheless, detailed studies on the optimized physicochemical process parameters favouring P(3HB) production over sporulation in Bacillus spp. are scanty.
The present production cost of PHA based biopolymers is not feasible to replace traditional petrochemical based synthetic plastics and the high production cost imposes great restrictions on the commercialization of these biopolyesters. Development of newer fermentation strategies along with use of nonconventional renewable carbon sources including different plant oils [17, 18] , molasses [19] , oil cake extracts [20] , crude glycerol [21] and agricultural wastes [22] have been explored to reduce the cost of PHAs production and making the process economically viable.
The present study focussed attention on the accumulation of biopolyester poly(3-hydroxybutyrate) by a leaf endophytic bacterium Bacillus cereus RCL 02 (GenBank accession no. KX458035) isolated from oleaginous plant R. communis L. Utilization of different cost effective non-conventional carbon sources by the isolate have also been explored for production of the biopolymer under batch cultivation.
MATERIALS AND METHODS

Bacterial strain and maintenance
Bacillus cereus RCL 02 (GenBank accession no. KX458035), isolated previously from leaf tissues of oleaginous plant R. communis L. was used throughout this study. The organism was grown on slopes of nutrient agar at 32 °C for 24 h and maintained by regular sub-culturing on the same medium.
Growth and P(3HB) production
For growth and production of P(3HB), the organism was grown in mineral salts medium [23] containing 2% (w/v) glucose and 0.2% (w/v) yeast extract. The medium was inoculated with freshly prepared inoculum at 2% (v/v) level and incubated at 32 °C on a rotary shaker at 120 rpm. Cells from the growing culture were harvested by centrifugation (10,000 × g, 10 min), washed thoroughly with deionized water and dry weight of the biomass was determined by drying the cell mass to a constant weight at 80 °C.
The P(3HB) content of the dried biomass was extracted in warm chloroform (45-50 °C) [23] and recovered by precipitation with chilled diethylether. The dried polymer thus recovered was treated with concentrated H2SO4 in a boiling water bath for 10 min [24], cooled to room temperature and the absorbance was recorded at 235 nm using a UV-VIS spectrophotometer (Jenway, Model 6505). The amount of P(3HB) was quantified from the calibration curve prepared in the same way using authentic J. Microbiol. Biotech. Res., 2017, 7 (4):32-41 ___________________________________________________________________________ __ P(3HB) from Sigma, USA and expressed as percentage of cell dry weight (CDW) and g/L.
Use of non conventional carbon sources
The non conventional renewable sources viz. molasses, plant oils, oil cakes and whey were used as carbon sources for P(3HB) production. Plant oil of different types (castor, mustard, groundnut, sunflower and palm) used in this study were emulsified with 10% (v/v) Tween 80 by homogenizing for 10 min. The emulsified oils were separately sterilized and added to the mineral salts medium as sole source of carbon. Powdered oil cakes of castor (Ricinus communis L.), mustard (Brassica napus L.), groundnut (Arachis hypogaea L.), sesame (Sesamum indicum L.) and mahua (Madhuca longifoli) were added to boiling water and soaked for 12 h at room temperature and filtered. Separately sterilized oil cake extract was added to the mineral salts medium as sole source of carbon.
Detection of native P(3HB) granules
The native P(3HB) granules were visualized by scanning electron microscopy using autolysed cells. Harvested cells were smeared on a clean grease-free slide, dehydrated with ethanol, coated with platinum in Quorum Q150T ES sputter coater and examined under Zeiss Evo18 (Carl Zeiss, Germany) scanning electron microscope.
Statistical analysis
All the experiments were conducted in triplicate and the mean of the triplicate readings ± standard deviation for biomass and polyester production by the endophytic isolate B. cereus RCL 02 were recorded. One way analysis of variance (ANOVA) was implemented for evaluating the effects and interactions among different factors influencing the growth as well as P(3HB) accumulation. Tukey's adjustment was used to adjust the p values (p < 0.05) for multiple comparisons. All data management and analysis was done using Microsoft Excel and Origin Pro 8 software.
RESULTS AND DISCUSSION
Time course of growth and P(3HB) accumulation
The endophytic bacterium B. cereus RCL 02 was found to accumulate P(3HB) during growth in mineral salts medium and maximum intracellular polyester accumulation (68% of cell dry weight) occurred after 56 h of growth under continuous shaking (Fig.  1A ). Accumulation of P(3HB) was associated with rapid utilization of glucose and decline in pH of the medium (pH 6.2 after 96 h) which may possibly be due to production of several metabolic intermediates such as acetate, lactate and acetoin during growth [25] . Moreover, during active phase of P(3HB) accumulation cells have developed swelling and blebs and autolysed cells released native P(3HB) granules which was evident from scanning electron micrographs of the harvested cell mass (Fig. 2) .
In addition, cells of B. cereus RCL 02 started sporulating in late stationary phase and about 86% of cells showed matured endospores at the end of 96 h of incubation (Fig. 1B) . Concomitant with sporogenesis there was a sharp decline in the P(3HB) content suggesting possible degradation and utilization of the accumulated polyester as carbon and energy sources. Earlier reports suggested the interference of sporulation in accumulation of P(3HB) in different species of Bacillus [14, 15] . On the contrary, this study indicated the suppression of sporogenesis in the exponential to early stationary phases of growth in accordance with the documentation of Kominek et al. [26] and Valappil et al. [16] . The delay in sporulation could be attributed to the presence of excess carbon as well as constituents of the synthetic medium which might have regulated the flux of metabolic intermediates towards P(3HB) biosynthesis favouring growth associated polymer production.
Influence of cultural conditions on P(3HB) production Influence of carbon and nitrogen sources The endophytic bacterium, B. cereus RCL 02 efficiently utilized different carbon sources for growth but the polymer production was best supported by glucose (68.05%, CDW) followed by sucrose (65.53%, CDW) ( Table 1 ).
In comparison with inorganic nitrogen sources, complex organic nitrogenous compounds supported higher biomass formation and P(3HB) production (Table 2) . While, yeast extract significantly influenced biopolymer production (68.05%, CDW), maximal growth (2.9 g/L) was achieved by tryptose supplementation. Complex nitrogen sources viz. fish peptone, protease peptone, yeast extract, casitone, phytone and tryptone have previously been documented to enhance P(3HB) production in Azotobacter vinelandii [27] .
Influence of C:N ratio
The best carbon (glucose) and nitrogen (yeast extract) sources which influenced maximum J. Microbiol. Biotech. Res., 2017, 7 (4):32-41 ___________________________________________________________________________ __ 35 P(3HB) production were selected and C:N ratio was varied to study their influence on polymer production as well as growth. Maximal growth (3.52 g/L) and P(3HB) accumulation (72.18%, CDW) were recorded when glucose and yeast extract were supplemented in the medium at a ratio of 5:1. Further increase of C:N ratios decreased biomass formation as well accumulation of the polyester (Fig. 3) . This finding corroborates well with the documentation of Narayanan and Ramana [28] where maximum accumulation of P(3HB) in B. mycoides DFC1.was recorded when glucose and peptone were supplemented at a ratio of 2.5:1.
Influence of pH and temperature
The optimal pH and temperature for growth and P(3HB) accumulation by B. cereus RCL 02 were recorded at 7.0 and 37 °C respectively (Fig. 4A  and 4B ). These findings confirmed the neutrophilic and mesophilic nature of the endophytic organism. Variation in initial pH showed a significant influence on biomass formation as well as polymer accumulation, which might be due to the effect of pH on the uptake of various nutrients and trace elements present in growth medium [29] . Moreover, the influence of incubation temperature could possibly be explained by the enzymatic induction of P(3HB) biosynthesis. Influence of sulphate concentration Supplementation of 0.1% (w/v) magnesium sulphate in the growth medium showed maximum biomass formation (2.98 g/L) as well as P(3HB) production (72.12% CDW) (Fig. 5) .
Further increase in magnesium sulphate decreased the intracellular accumulation of the biopolymer. This is well in keeping with the earlier documentation by Biswas and Paul [30] . Moreover, sulphur-depleted condition has also been found to restrict the growth as well as polymer accumulation in B. cereus RCL 02.
Influence of metal ions
Increased synthesis and accumulation of P(3HB) under metal (0.2 mM Co, Cu and Zn) stressed condition have already been reported in endophytic bacterium Azospirillum brasilense Sp7 [31] . Similar enhancement of P(3HB) production in presence of Ni (II) has been documented for Cupriavidus pauculus and Bacillus firmus suggesting the application of exogenous stress as a simple strategy for improvement of P(3HB) production [32] . Likewise, P(3HB) accumulation was significantly increased in presence of Mn (II) ions which accounted for 80.85% of CDW at 1.5 mM of Mn (Fig. 6) . However, polymer accumulation by B. cereus RCL 02 was severely affected by Ni (II) followed by Cr (IV), Co (II) and Cd (II) ( 
Influence of nonconventional carbon sources
Effect of supplementation of growth medium with different cost effective renewable carbon sources such as molasses, plant oils, oil cake extracts and whey were tested for growth and accumulation of the biopolyester by the endophytic isolate RCL 02 (Table 4) . Refined sugarcane molasses in particular significantly influenced the biomass formation (8.48 g/L) and the production of P(3HB) reached up to 7.24 g/L with a P(3HB) content of 85.4% of CDW. Increase in sugarcane molasses (4%, w/v) in the growth medium further enhanced the growth (9.44 g/L) and biopolyester production (7.89 g/L) accounting a P(3HB) content of 83.56% of CDW (Fig. 7) . Sugarcane molasses, the byproducts of sugar industry served as the cheap non-conventional source of carbon along with vitamins and other minor constituents for effective and sustainable production of P(3HB) by the isolate RCL 02 similar to those reported for Alcaligenes eutrophus [33] , Bacillus megaterium [19] and Bacillus sp. JMa5 [15] .
CONCLUSION
The present study represents the first ever report of P(3HB) production by a leaf endogenous Bacillus cereus isolated from oleaginous plant R. communis L. and highlighted the possible involvement of accumulated P(3HB) in sporogenesis through its depolymerisation. Accumulation of P(3HB) by the endophytic isolate was further increased by optimization of cultural conditions and supplementation of exogenous metal ions in the growth medium as well as by using refined sugarcane molasses as sole source of carbon.
These findings, therefore, deserve special attention to explore the utilization of inexpensive by-products of sugar industry by endophytic microbial resource for cost effective large scale production of P(3HB) with improved material properties.
